A new High Enthalpy Arc-heated Tunnel (HEAT) for aerothermodynamic research on hypersonic air flows has been operating at Centrospazio since 1996. Numerical simulation of the flow-field and classical semi-empirical correlations for electric discharges in high pressure gases have been used to extrapolate the available experimental data and predict the performance envelope of the facility in terms of total pressure and specific enthalpy in the test section as functions of the operational constraints imposed by the electric power supply and gas feeding systems. The results show that, with just minor modifications of the experimental apparatus, the Reynolds number per unit length can be increased by an order of magnitude above the value attained in the present configuration. Performance maps of the facility are shown and a comparison with other European hypersonic facilities is provided.
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Introduction
A new High Enthalpy Arc-heated Tunnel (HEAT) 1, 2 for aerothermodynamic research on hypersonic air flows has been completed at Centrospazio in 1996. It has been used in the framework of European Space Agency "Future European Space Transportation Investigation Programme" (FESTIP) 3 to characterize the influence of the wall-to-total temperature ratio on shock-wave/boundary-layer interactions in the corner flow on 2D heated ramps exposed to a Mach 6 air stream, with unit Reynolds number up to 8⋅10 5 m -1 and specific total enthalpy ranging from 1 to 2 MJ/kg 4 . With reference to Fig. 1 , the facility consists of an arc-heated gas generator 5 and an expansion nozzle 6 exhausting in a vacuum chamber, not shown in the picture. Air is injected from an upstream reservoir in the gas generator by two fastacting solenoid valves and heated as it flows through a constricted section by the electric arc established between the cylindrical cathode and the annular anode. Energy is supplied by an electric network, mainly consisting of a large capacitor bank, an inductance and a ballast resistance. The discharge chamber is followed by a mixing chamber, where the air flow residence time is long enough to allow for thermo-chemical equilibrium to be reached before expanding in the nozzle. The tunnel operates in a pulsed quasi-steady mode, each pulse showing a 20-40 ms time interval during which the flow conditions are essentially steady.
This paper deals with the definition of the tunnel performance envelope. Different flow conditions have been experimentally demonstrated in the medium-enthalpy, low-Reynolds number range. Classical semi-empirical correlations are used to extrapolate the behavior of the electric arc to higher discharge powers and pressures, and a complete numerical mapping is hence obtained using an improved version of the arc-heater simulation code MODHEAT3 1, 5, 7 and the quasi-1D non-equilibrium nozzle code NENOZ 1, 6 .
The Gas Generator Flow
The gas generator simulation code is based on a unsteady, lumped parameter formulation of the 2 mass, momentum and energy conservation equations for the gas, with the feeding valve opening schedule and the arc heat release as driving inputs. Previous analyses 1, 5 showed that the code yields accurate predictions of the flowfield thermodynamic conditions, provided that the heat input W VI = η is correctly estimated in terms of the arc power, VI , and the energy transfer efficiency to gas, η . To this purpose, the arc voltage, V , has been correlated to current, I , electrode separation, s , and gas pressure in the constrictor, p , by means of 1, 8, 9 :
where the coefficients C 0 , m and k depend on the arc configuration and the gas chemical composition.
Here their values, C 0
. , k = 0 640 . , have been evaluated by best fit on the available experimental data and compare well with those usually reported in the literature 9 for thermal arcs in high pressure air ( m = 0 31
. , k = 0 60 . ). A similar power-law correlation showed the efficiency η to be weakly dependent on the arc pressure and current, with values ranging from 0.28 to 0.36. Hence, for simplicity, a contant and conservatively low value η = 0 30 . has been assumed for the computations. Finally, the arc current:
has been estimated from the power supply voltage V 0 and the ballast resistance R B . The above equations are solved simultaneously with the gas conservation equations.
The Non-Equilibrium Nozzle Expansion
The expansion from stagnation conditions in the mixing chamber to the nozzle exit section has been simulated using a quasi-1D, space-marching, piecewise-isentropic algorithm, assuming local thermodynamic equilibrium up to the nozzle throat 10, 11 . Following the traditional simplified approach, the gasdynamic and thermal relaxation equations in the diverging section are treated as weakly coupled 12 : the solution is advanced using the frozen flow approximation, relaxation occurring in discrete steps at each mesh point. The predictions of the code compare well with more elaborate 2D simulations with finite-rate reactions 6 . Non-equilibrium phenomena modify the conditions in the test section (nozzle exit) with respect to those corresponding to isentropic expansion. For instance, they decrease the unit Reynolds number below its isentropic value 13 : 
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Typical results for a Mach 6 flow 6 are shown in Table 1 . Though non-equilibrium real gas effects are rather small at high-pressure low-enthalpy conditions, they increase considerably with enthalpy. 
Performance Mapping
The operational conditions of the facility are controlled by the initial voltage of the electric power supply and the reservoir pressure of the gas feed system. More than 80 conditions have been simulated over the whole operating range. Fig. 2 and Fig. 3 show the computed stagnation pressure and total specific enthalpy as functions of the reservoir pressure and the power supply initial voltage. Numerical predictions were compared to experimental data for 84 tunnel runs. The agreement proved to be good (within 0.3 bar, or 4.6%) on the total pressure and satisfactory for first approximation performance estimates (within 0.4 MJ/kg, or 20%) on the specific enthalpy.
In its present configuration, the performance of the facility is effectively limited by the maximum voltage of the electric power supply (2500 V) and the admissible pressure of the gas feed reservoir (50 bar). Furthermore, heat transfer considerations to the gas generator walls 1 suggest to keep the maximum operating temperature below 5000 K with running times not longer than 70 ms.
Together, these limitations define the operational envelope of the facility. In turn, the above simulation tools can be used to map the tunnel performance in terms of the most appropriate set of independent variables. It should be noticed, however, that the electric supply voltage and the gas reservoir pressure can be considerably increased at a relatively moderate cost, without any significant modifications to the arc heater.
The nozzle presently installed in the facility generates a Mach 6 flow at the exit section. However, the modular design of the gas generator allows for the installation of nozzles with different expansion ratios, in order to easily accommodate future research needs. The performance maps of the High Enthalpy Arc-heated Tunnel for exit flow Mach numbers equal to 6 and 12 are illustrated in A comparison of HEAT with other European hypersonic facilities 18 is shown in Fig. 6 , where the unit Reynolds number is plotted versus the flow Mach number in the test section. Fig. 7 displays a similar comparison in the unit binary scaling factor, 
Conclusions
From the above results it appears that in the Mach-Reynolds regime the predicted HEAT performance compares well with that of most current European facilities in terms of maximum total specific enthalpy, stagnation pressure and surface temperature of the test body. Besides, realistic scaling of some extremely important aspects of hypersonic flows in the Mach-Reynolds regime is considerably improved by the demonstrated capability of heating the surface of fully instrumented models up to 500 K. On the other hand, the maximum Reynolds number is relatively low, mostly because of the smaller size of the test section. However, this limitation can conceivably be overcome by increasing the electric power supply proportionally to the mass flux with just relatively inexpensive modifications of the capacitor bank and the gas feed system.
An important advantage of the High Enthalpy Arc-heated Tunnel with respect to tunnels based on shock propagation consists in its superior flexibility in independently changing both the stagnation pressure and the total specific enthalpy. Besides, the short run duration greatly simplifies the design of the power supply and allows for total temperatures and pressures otherwise not attainable with a compact, un-cooled design.
Numerical simulations indicate that the High Enthalpy Arc-heated Tunnel can establish meaningful flow conditions in both the MachReynolds and hypervelocity regimes. In addition, even if not directly addressed here, the possibility of extending its operational capabilities to cover the rarefied regime appears feasible.
In conclusion, current experience shows that the High Enthalpy Arc-heated Tunnel is an extremely affordable, versatile and reliable apparatus for aerothermodynamic studies in high-enthalpy hypersonic flows.
